A systematic study of the kinetics of 180°domains as a function of external electric field is presented for Z-cut LiTaO 3 single crystal wafers at room temperature using transient current measurements combined with nondestructive and real-time imaging of 180°domains by light microscopy. The switching time, wall velocity, and nucleation rate follow an exponential behavior with the applied field. A model is proposed which shows that the nucleation and sideways growth of domains play approximately equal parts in determining the switching time. A domain stabilization process occurs on the time scale of a few seconds even at electric fields where the switching time is milliseconds or less. We show that this stabilization process has a strong correlation to the internal fields in the crystal.
I. INTRODUCTION
Ferroelectrics have emerged as an important class of materials due to their incredibly rich range of phenomena ranging from piezoelectricity, pyroelectricity, polarization hysteresis, high dielectric constants, optical waveguiding, secondharmonic generation, electro-optics, acousto-optics, sumdifference frequency generation, photorefraction, phase conjugation, four wave mixing, etc. A number of technological applications exploiting these phenomena such as piezoelectric transducers, 1 pyroelectric detectors, 2 ferroelectric memory, 3 surface acoustic wave ͑SAW͒ devices, 4 quasiphase-matched frequency doublers, 5 electro-optic scanners, 6 and lenses 7 are all critically dependent on the ability to microengineer ferroelectric domains. Hence the understanding of domain formation, domain wall motion, stabilization mechanisms, and structure of domain walls becomes very important.
The switching times, [8] [9] [10] [11] wall velocities, 12,13 space charge fields, 14, 15 and domain stabilization mechanisms, [16] [17] [18] of 180°domains in BaTiO 3 have been extensively studied over the last 40 years. Other materials that have received considerable attention are triglycine sulphate ͑TGS͒, [19] [20] [21] [22] triglycine selenate ͑TGSe͒, 23 Rochelle salt, 24 Since a perfect 180°domain has identical optical indicatrix across the wall, optical imaging by polarized light was considered impossible. Hence most of these measurements of wall velocity were made by chemical etching techniques.
Although ferroelectric LiNbO 3 and LiTaO 3 have been around for many years, literature on domain kinetics is sparse. 33 This is because polarization reversal in these materials at room temperature has been considered impossible, and in that sense, they have been described as ''frozen ferroelectrics.'' 34 In the last ten years, interest in these materials has been renewed by the discovery of many domain reversal techniques involving a combination of chemical and heat treatment processes such as Ti-indiffusion, 35 Li-outdiffusion, 36 and proton-exchange. 37 Finally, room temperature domain reversal in LiNbO 3 and LiTaO 3 by external electric field application 38 has been shown to be possible. It has also been shown recently that the 180°domain walls in these materials can be imaged at room temperature by ordinary light microscopes under polarized or unpolarized light. 39 The ability to reverse domains at room temperature combined with the ability to image domains by nondestructive and real-time techniques has thus facilitated the study of domain kinetics in LiNbO 3 and LiTaO 3 crystals.
The polarization reversal of a Z-cut LiTaO 3 crystal at room temperature is illustrated in Fig. 1 which shows the hysteresis loop. 39, 40 The notations and definitions used in this work are summarized in Table I . A built-in internal field of ϳ50 kV/cm is present in the as-supplied virgin crystals at room temperature, parallel to the direction of polarization of the crystal as shown in the inset schematic denoted state I in Fig. 1 . A variation of this internal field from 42 to 50 kV/cm has been observed from wafer-to-wafer. When the polarization of the crystal in its ''virgin state'' is reversed by applying an external electric field at room temperature ͑forward poling͒, the internal field becomes antiparallel to the new polarization direction ͑see inset schematic of state II in Fig.  1͒ . However, the internal field in this ''domain reversed state'' tends to realign parallel to the new polarization direction with time and temperature. This realignment is incomplete even after a month at ambient temperature, while it is 95% complete after annealing above 200°C for less than 30 s followed by cooling to room temperature. 40 The internal field is a volume effect and shows a strong correlation to the infrared absorption bands of OH Ϫ in the crystal. 39 The origin of the internal field probably lies in point-defect complexes of OH Ϫ and nonstoichiometric point defects in the LiTaO 3 crystal. Similar results have been observed in LiNbO 3 crystals. 41 In this work, we present switching times, sideways wall velocity measurements, and nucleation and stabilization mechanisms of 180°domains as a function of external field a͒ Electronic mail: venkat@lanl.gov in congruent Z-cut LiTaO 3 crystals at room temperature. This paper is organized as follows: Section II presents the experiments and the results of switching times of 180°do-mains in LiTaO 3 . In Section III, the experiments and results on stabilization times for 180°domains and the role of the internal field in the stabilization process is presented. Section IV describes the results on sideways velocity of 180°domain walls. The nucleation mechanism in LiTaO 3 crystals revealed by etching experiments is presented in Section V. The results are discussed in Section VI, followed by conclusions in Section VII.
II. SWITCHING TIMES

A. Experimental methodology
The as-purchased Z-cut LiTaO 3 single crystal wafers used in this study ͑obtained from Yamaju Ceramics Inc., Japan͒ were optical grade, of congruent composition and single domain. They will be referred to as ''virgin crystals.'' The polarization of the crystal was reversed by applying a dc field across the crystal thickness 38 (ϳ0.494 mm͒. The electrodes were saturated solutions of KNO 3 salt in de-ionized water, and the electrode area was 4 mm ϫ 4 mm.
When the spontaneous polarization, P s , reverses in an area A, a transient current iϭ2 P s dA/dt flows through the external circuit. This current was measured as the voltage drop across an external resistor. The high voltage power supply ͑IRCO, model C12K-20 modified for 15 kV output͒ used for applying the voltage across the sample was capable of supplying a peak current of a few amps in the first 0.5-1 s of a voltage pulse application, and thereafter, a maximum steady state current of 35 mA. The maximum values of transient currents from our samples in this work were ϳ9 mA, which was well within the power supply capability.
As described in Table I , the first polarization reversal of a virgin crystal will be called the ''forward poling'' and denoted by subscript f . The polarization state of the virgin crystal will be called the ''virgin state'' and the state after forward poling will be called the ''domain reversed state.'' FIG. 1. The hysteresis loop of a Z-cut LiTaO 3 single crystal at room temperature. The inset schematics show the two polarization states ͑I and II͒ in the crystal cross section indicating the relative orientations of polarization P s and internal field E int ͑Ref. 39͒. The width of the transient current pulse was measured to obtain the polarization switching times, t f and t r . The LiTaO 3 crystals were purchased as 2 in. circular wafers. Each wafer was then diced into square samples of 9 mm ϫ 9 mm each. From one piece of diced wafer, one value each of t f and t r was measured at constant field. It is important to note that every new pair of measurements of (t f , t r ) at a different set of fields was made on a new piece of crystal, thus avoiding the effects of polarization cycling history on coercive fields of the crystal. 42 To study the effect of differences from one wafer to the other, two wafers ͑denoted as wafer A and wafer B͒ were studied and compared. Wafer thickness was measured as 492 m for wafer A and 494 m for wafer B.
B. Transient current measurements
Step voltages of various magnitudes were applied and the transient current response was measured. Figure 2 shows typical examples of the transient current response in the low field regime ͓Fig. 2͑a͔͒ and high field regime ͓Fig. 2͑b͔͒ for wafer B. The results are also typical of wafer A. The best current sensitivity was 0.02 A. A typical current peak consisted of an initial fast RC response upon turning the step voltage on, the main transient current peak, and finally a tail at the end of the peak with currents lower than 0.05 A and large time constants.
The total expected integrated charge under the transient current peak ͑excluding the RC peak͒ should be equal to 2 P s A ϭ16 C, where the spontaneous polarization, P s , is 50 C/cm 2 in LiTaO 3 , 43 and the total electrode area was fixed in our experiments at 16 mm 2 . This criterion was used to determine the polarization switching time at a given field.
The switching times and maximum transient current, (t f and i f ,max , respectively͒ as a function of applied electric field is shown for forward poling in Fig. 3 and for reverse poling (t r and i r,max , respectively͒ in Fig. 4 for wafers A and B. The error bars on switching times are ϳϮ10% of the switching times. The following observations can be made: ͑1͒ ln(t f ,r ) is linear with 1/E, implying that the switching time depends exponentially on electric field E; ͑2͒ the switching times, t f ϰ1/i f ,max and t r ϰ1/i r,max ; ͑3͒ there is a clear change of slope in the linear fits for ln(t f ,r ) vs 1/E, implying a change in activation field from low field to high field; ͑4͒ the activation field ͑slope of linear fits͒ is the same for wafers A and B, in both forward and reverse directions; and ͑5͒ the forward poling fields are lower for wafer B as compared to wafer A. The reverse poling fields are the same.
C. The role of internal fields in switching
The large difference in the forward poling fields and reverse poling fields arises from the presence of internal fields, E int , aligned parallel to the polarization direction of the virgin LiTaO 3 crystals. 40 The magnitude of this field is given by E int ϭ(E f ϪE r )/2, where E f is the field required for forward poling, and E r is the field required for reverse poling. From Figs. 3 If we therefore transform the field axis in Fig. 3 as E f ⇒E f ϪE int and in Fig. 4 as E r ⇒E r ϩE int and use the appropriate internal field values for wafers A and B in the transformation, we can replot the information in Figs. 3 and 4, as shown in Fig. 5 . In the rest of this paper, we will define the field region EϮE int ϽE o as the ''low field regime'' and EϮE int ϾE o as the ''high field regime'' where E o ϭ170.9 kV/cm for wafer A and E o ϭ165.8 kV/cm for wafer B. The term EϮE int should be interpreted as E f ϪE int for forward poling and as E r ϩE int for reverse poling. The switching time can now be written as a function of electric field, EϮE int , as
͑2͒
The values of the pre-exponents t f o and t ro and the activation fields ␦ f and ␦ r are listed for the two wafers A and B in Table II . We note that ␦ f ͑or ␦ r ) has two distinct values: the values in the low field regime are much smaller than the values in the high field regime.
Finally we note that, by transforming the field E to EϮE int , the switching time data for the forward poling and reverse poling cases overlap in the same field region for each wafer ͑see Fig. 5͒ 39 that the origin of the internal field probably lies in point-defect complexes of OH Ϫ and/or nonstoichiometric point defects in LiTaO 3 crystals. Variations in the average concentration of point defects from wafer to wafer can then explain the observed difference in internal fields between the two wafers. We show in Section V that the nucleation mechanism in LiTaO 3 crystals is bulk in origin and is probably controlled by either physical defects or local variations in the distribution of point defects in the crystal. Thus variation in E c from wafer to wafer probably originates in the variable density of physical defects or local variations in the distribution of point defects.
D. The tail of transient current peak
At the end of a transient current peak at a given voltage ͑as shown in Fig. 2͒ , there is a slow tail with currents of less than 0.05 A and slow time constants of many seconds even at fields where the main transient current peak is of the order of milliseconds. In order to quantify this phenomenon, the tail of the transient current peak was arbitrarily fit to an exponential decay function 
as shown in the inset of Fig. 6 . The time constant t o, tail obtained from the fit is plotted in Fig. 6 as a function of applied electric field for wafers A and B for both forward and reverse poling. The solid lines are free-hand fits to the data delineating the trends. The time constants approach a value of a few seconds even at high fields. For example, the switching time for forward poling at 225 kV/cm for wafer A is ϳ71 ms ͑see Fig. 3͒ . However, the time constant t o,tail is ϳ7 s at this field. The physical origin of this current tail is presently unclear. It is possibly related to the slow reversal of a small volume of the ferroelectric polarization around defect sites. We will return to this discussion again in Section VI.
III. DOMAIN STABILIZATION MECHANISM A. Experimental methodology
There is a large difference in the value of the activation field for switching times (␦ f and ␦ r ) in the low-field and high field regimes. This raises the question of whether there is a corresponding difference in the activation field for the sideways velocity, s , of 180°domain walls as a function of external field. In order to measure the sideways velocity, we need to take snapshots of growing domains at different stages of growth. This is equivalent to slicing the time axis in the transient current measurements of Fig. 2 by applying square voltage pulses shorter than the switching times rather than applying step voltages as described in Section II.
The first important observation made during the experiments done with short voltage pulses is that a voltage pulse of width Ͻ1.5-2 s and zero baseline voltage results in reversible domain wall motion during the forward poling. Hence, no net domain reversal is observed even at field values as high as 245 kV/cm. At this field, one would expect switching times in the microsecond regime ͑from Fig. 2͒ using step voltages. Table III lists the sequence of experiments done to study this phenomenon. Voltage pulses were applied to a virgin crystal of wafer A in the forward poling direction. With the first pulse ͓see Fig. 7͑a͔͒ of 150 ms at 221 kV/cm, a few microdomains were observed using a Nomarski light microscope as shown in Fig. 8͑a͒ . ͑The size of such initial nuclei was independently determined on another sample to be Ͻ1-2 m by etching in 1HFϩ2HNO 3 at 90°C͒. However, further voltage pulses applied to this sample in experiments 2-8 in Table III produced no further changes in the domain microstructure as observed by light microscopy. This is very surprising in view of the following:
͑1͒ The total integrated charge under the transient current peaks of experiments 2 and 3 ͑see Table III͒ is Similar experiments were done for the reverse poling geometry also. A virgin crystal was first forward poled at room temperature. Then, a series of experiments similar to that described in Table III was done in reverse poling geometry to study the stabilization times. Also, similar studies in both forward and reverse directions were done for wafer B. From these experiments, the following conclusions were drawn:
͑1͒ An initial voltage pulse with a field of sufficient magnitude ͑in the ranges shown in Figs. 3 and 4͒ will nucleate a few microdomains in the sample even with a pulse width as small as 100 ms in forward poling. The density of such nuclei is usually very small. These domains are most probably associated with some defects in the crystal, where small 180°microdomains can be trapped and remain stable when the field is removed. 44 Etching experiments in LiNbO 3 and LiTaO 3 single crystals have shown that even in single crystal single domain wafers, 180°microdomains in concentration of ϳ10 3 -10 5 /cm 2 exist. 45, 46 This is consistent with ϳ5 ϫ10 3 /cm 2 of microdomains observed in Fig. 8͑a͒ . ͑2͒ Independent of the magnitude of the field ͑certainly up to 245 kV/cm in forward poling and up to 142.3 kV/cm in reverse poling͒, a voltage pulse with zero baseline voltage will not result in a net growth of any existing 180°domains, or the creation of any new domains in the crystal unless the voltage pulse is at least ϳ1.5-2 s wide in the forward poling direction and at least 0.1-0.3 s in the reverse poling direction. Thus, there is a large asymmetry in the stabilization times for forward and reverse poling.
͑3͒ For an applied voltage pulse ͑with zero baseline voltage͒ of sufficient magnitude to induce polarization reversal but pulse widths of Ͻ1.5-2 s in forward poling and Ͻ0.1-0.3 s in reverse poling, any growth of existing domains or the nucleation of new domains is reversible, i.e., the existing domains return to their original size, and any newly nucleated domains disappear. The fact that actual nucleation and growth does occur for these short pulses is reflected from very clear transient current peaks. However the time taken for the domain microstructure to switch back to its original state after the removal of the field can be much faster than the original switching time, especially at low fields. For example in Fig. 7͑b͒ , any changes in domain microstructure that occurred in the duration of the 300 ms pulse are undone in less than 6 ms ͑reflected as a negative current at the end of the pulse͒. At very high fields, the original switching time and the reversal time to get back to its original state at the end of the pulse can be comparable as shown in Fig. 7͑c͒ .
B. The role of internal field in domain stabilization
The large asymmetry in the stabilization times for a 180°domain in the forward poling direction (ϳ1.5-2 s͒ and the reverse poling direction ͑0.1-0.3 s͒ is reminiscent of the large asymmetry in the forward poling field, E f , and the reverse poling field E r . As reported earlier, 40 the internal field, E int , is parallel to the polarization direction in a virgin crystal. When the polarization of the crystal is reversed at room temperature by forward poling, the internal field becomes antiparallel to the polarization direction. However, annealing this crystal at a temperature above 200°C for less than 30 s and cooling back to room temperature results in ϳ95% realignment of the internal field parallel to the new polarization direction. If the stabilization process for the 180°domains is related to the internal fields, then upon an- Table III and Fig. 7͒ done to study the 180°domain stabilization times in a Z-cut LiTaO 3 crystal ͑wafer A͒. ͑b͒, ͑c͒, and ͑d͒ correspond to the same region, but ͑a͒ is a different region. nealing a forward poled crystal above 150°C and cooling it back down to room temperature, the stabilization time for reverse poling back to its virgin state should increase from ϳ0.1 s to ϳ1.5 s.
A virgin crystal was forward poled at room temperature and then annealed at 250°C for 1 h. Then the stabilization time for reverse poling back to its virgin state was studied by experiments similar to those described in Table III . It was found that a voltage pulse had to be at least ϳ1.25 s wide for the nucleation of new domains or the growth of existing domains. Although this value is slightly smaller than the stabilization time for forward poling (ϳ1.5-2 s͒, it is much larger than the stabilization time ͑0.1-0.3 s͒ for reverse poling without annealing the crystal in its ''domain reversed state'' or state II in Fig. 1 . This experiment strongly suggests a correlation between the internal fields and the stabilization mechanism of 180°domains in LiTaO 3 crystals. We shall discuss the stabilization mechanism further in Section VI.
IV. SIDEWAYS VELOCITY OF 180°DOMAINS
A. Experimental methodology
The sideways wall velocity of 180°domains in the z plane of LiTaO 3 was measured by applying voltage pulses to the sample and observing it by transmitted light microscopy. Figure 9͑a͒ shows an example of a sequence of pulses corresponding to a field of 215.3 kV/cm applied to a sample from wafer A in the forward poling direction. The total expected switching time from Fig. 3 is ϳ120 s. The pulse widths varied from 10 to 15 s. After each pulse, the liquid electrodes were removed and the sample was observed by light microscopy without removing it from the holder used to apply high voltage pulses. Photographs were taken of the growing domains ͑at 72ϫ magnification using unpolarized transmitted light 39 ͒ in the z plane of a fixed area of the sample after every pulse. Figures 10͑a͒ and 10͑b͒ show two snapshots of growing domains during this sequence. Figure 10͑a͒ was taken after pulse ͑3͒ of Fig. 9͑a͒. Figure 10͑b͒ was taken after pulse ͑4͒ of Fig. 9͑a͒ in the same area. One can clearly see a one-toone correspondence between each domain in 10͑a͒ and 10͑b͒. One example of a corresponding domain is shown by arrows. Each side a of the equilateral triangle of a domain was measured and the value of bϭa tan(30°)/2 calculated. The value b represents the shortest distance of any side of the equilateral triangle from the point intersection of medians of the triangle. Since the triangles grow into larger triangles with field, b represents the distance that any side of the triangle grows away from the center of the triangle. The sideways velocity ( s ) for one growing domain was then calculated, for example, by measuring b 1 for a domain in Fig.  10͑a͒ , and a value b 2 for the same domain in Fig. 10͑b͒ , and calculating s ϭ(b 2 Ϫb 1 )/⌬t where ⌬t, in this case, is the pulse width of pulse ͑4͒ in Fig. 9͑a͒ . This was done for a number of individual growing domains for a fixed external field and an average taken of the values of s thus obtained. Care was taken to avoid considering domains which have merged together which would give an uncertainty in their individual sizes.
The above described procedure works with applying square voltage pulses with zero baseline voltage, as long as the total switching time for a given field is greater than 1.5-2 s. However, for switching times of less than 1.5-2 s, we need voltage pulses even shorter. As we have seen in the previous section, such pulses result in no net growth of domains due to the requirement of a 1.5-2 s of stabilization time under a field after the pulse. Thus, in order to measure velocities at higher fields where switching times were less than a few seconds, we used voltage pulses with a baseline as shown in Fig. 9͑b͒ . The sequence of pulses shown in Fig.  9͑b͒ was applied to a sample of wafer A corresponding to a field of 221.2 kV/cm in the forward poling direction. The total switching time at this field ͑from Fig. 3͒ is ϳ0.7 s. Each pulse consists of a 100-150 ms width pulse of 221.2 kV/cm followed by a decrease of the field to a low value of 201 kV/cm where domain reversal is not observed ͑see Fig. 3͒ . The transient current pulse is also arrested after the initial pulse and no further domain growth takes place at the baseline voltage. However, the presence of this baseline for at least ϳ2 s after the initial voltage pulse results in the stabi- Fig. 9͑a͒ ; ͑b͒ domains after pulse ͑4͒ of Fig. 9͑a͒ . A one-to-one correspondence of growing domains can be seen between ͑a͒ and ͑b͒. One such correspondence is shown by a set of arrows.
lization of domains which have grown under the influence of that pulse. This way, we were able to perform experiments similar to those shown in Fig. 10 , and hence measure the sideways velocity of 180°domains at fields where switching times were less than 1.5-2 s.
We note that, in this work, we have not done a systematic study of the effect of changing the baseline voltage on the stabilization process or the wall velocity. One of the reasons is that the drop from high voltage value to the baseline value of the field is not sharp but gradual ͓as seen in Fig.  9͑b͔͒ , and increases to about a second or more for baselines of ϳ112 kV/cm. We arbitrarily chose 201 kV/cm as a baseline field, which is close to the voltage range studied here, but where no domain reversal was observed over reasonable time scales (ϳ1/2 h͒. Figure 11 shows the sideways velocity of 180°domains in LiTaO 3 in the forward poling geometry for wafers A and B. The sideways velocity for forward poling geometry, s, f can be written as
B. Sideways velocity of 180°domains
s, f ϭ s, f o exp ͩ Ϫ ␣ s, f EϪE int ͪ .
͑4͒
The coefficients ␣ s, f and s, f o are given in Table IV . An important observation is that the activation field, ␣ s, f , is the same for both low-field and high-field regimes, and does not show a discontinuity at low fields ͑even considering error bars͒ as shown by the activation field, ␦ f , of the switching time in Fig. 3 . We will explain this observation in Section VI after presenting the etching results for nucleation in the thickness direction.
We have not made any measurements of the sideways wall velocity for the reverse poling direction. The main reason is that, due to increased background scattering and birefringence in a crystal in a domain reversed state, clear images of individual domains could not be obtained by light microscopy during reverse poling. However, drawing the analogy between forward and reverse poling from the switching times in Fig. 5 
V. NUCLEATION OF 180°DOMAINS
A. Etching results along the crystal thickness
In order to investigate whether the nucleation of 180°d omains in Z-cut LiTaO 3 crystals is surface or bulk nucleation, we performed etching experiments of the Y plane of the crystal. The Y plane of the crystal was polished and etched in 1 part HFϩ 2 parts HNO 3 and the Y plane of the crystal observed by reflected light microscopy.
Some typical results are shown in Fig. 12 . Figure 12͑a͒ shows the initial nucleation after applying a field of 212.5 kV/cm in the forward poling direction in wafer B. Figure  12͑b͒ shows the initial nucleation after applying a 122.29 kV/cm field in the reverse poling direction for wafer B. Similar results were seen for wafer A. The arrows indicate the direction of polarization in the crystal and the nuclei.
The following observations were made: ͑a͒ the nucleation of new domains occurs throughout the thickness of the crystal and is not limited to the surface in the entire field regime studied for each wafer ͑both low and high fields͒; ͑b͒ the nuclei of new 180°domains have the shape of a dagger which always points opposite to the direction of polarization of the nuclei in both forward and reverse poling; ͑c͒ the aspect ratio of the length L of the nuclei parallel to the po- Figure 13 shows a schematic of a nucleated 180°domain in the bulk of a LiTaO 3 crystal. At the microscopic level, the wall may be represented as a series of steps as shown. This is similar to the discussion of 180°walls in BaTiO 3 suggested by Kinase et al. 47 It was shown there that
B. Surface energies and polarities of 180°domain walls
where f ront and side are the surface energies of the front wall ͑perpendicular to polarization direction͒ and side wall ͑parallel to polarization direction͒ of 180°domain nuclei, respectively. From Eq. ͑6͒, we can deduce that f ront / side ϭ6.8Ϯ1.1 for 180°domains in LiTaO 3 .
Since the dagger shaped nuclei in LiTaO 3 always point opposite to the polarization direction of the nuclei, it can be seen from the schematic of Fig. 13 that the front ledge of a growing 180°domain will always have a tail-to-tail configuration of polarization vectors across the wall. This in turn implies a negatively charged front ledge. We can thus conclude that a tail-to-tail or negatively charged front ledge is preferred by a growing 180°domain wall in LiTaO 3 . We have earlier reported 39 that the 180°domain walls show a birefringence at the wall, which is unexpected. This birefringence can be related to a shear strain at the walls due to the photoelastic effect. 48 Thus, it is likely that the negative charge at the front wall of a growing domain is compensated by positive charges generated by a shear distortion at the walls which also results in birefringence at the walls.
However, the wide end of a 180°domain in the bulk of the crystal ͑where the nucleation begins͒ has to result in a head-to-head configuration of the polarization vectors at the start of a nucleus, thus resulting in a positively charged wall. If the origin of nucleation in the bulk is the presence of defects in the crystal, the positively charged back wall is probably stabilized by negative charges around the defects.
C. Measurement of nucleation rate N f
Virgin crystals of wafer B were partially domain reversed in forward poling geometry by applying a field for a quarter of the total switching time at that field. The samples were etched as described in Section V and the number of nuclei per unit area in the z plane was measured by observing them under an optical microscope. The nucleation rate, N ͑#nuclei/area s͒, was determined by dividing the # nuclei/ area by the time for which the field was applied. It must be noted that this measurement technique is statistical in nature. The smallest domains detected and counted in the statistics were ϳ1.25 m. The error due to counting statistics from one area to the other was estimated. Further errors due to ignoring domains less than detectable size, and possible changes in nucleation rate with time at a given field, are ignored. Figure 14 shows the nucleation rate, N, as a function of field for the forward poling geometry in wafer B. It follows a behavior as follows:
͑7͒
The results suggest the presence of two values of the activation field ␤ f ␤ f ϳ0 ͑ low field regime͒, ͑8͒
␤ f ϳ35 000Ϯ7,000 ͑ high field regime͒. ͑9͒
In other words, this suggests that, for EϪE int,B Ͻϳ166 kV/cm in wafer B, the nucleation rate N f is approximately independent of electric field, E, while for fields of EϪE int,B Ͼϳ166 kV/cm, N f depends exponentially on the field as given in Eq. ͑7͒. The transition field of 3 showing the possible microscopic structure of the 180°walls as being composed of front walls ͑perpendicular to spontaneous polarization, P s shown as wide arrows͒ and side walls ͑parallel to P s ). The front ledges of the growing wedge prefer a tail-to-tail configuration while the base of the nucleus has a head-to-head configuration of polarizations across the wall.
FIG. 13. Schematic of a nucleated 180°domain in Z-cut LiTaO
EϪE int,B ϳ166 kV/cm coincides with the transition field from low-field to high-field regime for switching times in wafer B ͑see Fig. 5͒ . Similar results are expected for wafer A with the transition field EϪE int,A ϳ170.9 kV/cm. Evidence for a nucleation rate independent of applied field in the low field regime ͑i.e., ␤ϳ0) has also been observed in BaTiO 3 by the study of Barkhausen pulses.
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D. Switching times in the thickness direction
It was found that the switching time for the 180°do-mains to extend all the way through the thickness of the crystal (ϳ 494 m͒ was less than the total switching time for domains under the entire electrode area both in low and high field regimes. Figure 15͑a͒ shows the cross section of a sample from wafer B after domain reversal in forward poling geometry at 206.5 kV/cm ͑low field regime͒ for 60 s. The total expected switching time at this field is 300 s. Thus, at a fifth of the total switching time, the domains have already reversed across the thickness of the crystal. Figure 15͑b͒ shows a region of wafer A after domain reversal at a field of 221.23 kV/cm ͑high field regime͒ for 0.7 s. The total expected switching time at this field is 1.6 s. Thus by half the total switching time, the domains have completely traversed the 0.5 mm thickness of the crystal.
Domain reversal in the thickness direction occurs by the nucleation of domains in the bulk, the growth of these domains parallel to the polarization direction, and merger of growing domains along the thickness direction. We can conclude that in the field regimes we have studied, the total switching time for the entire domain under the electrode area ͑16 mm 2 ) is greater than the switching time for the domains to extend through the crystal thickness of ϳ0.5 mm. Thus the switching time measured by the width of transient current peaks ͑see Fig. 3 and 4͒ reflects the time for the nucleation of domains in the z plane and their sideways growth and merger to cover the entire electrode area. In that sense, the switching time can be treated as a two-dimensional problem in the z plane of the crystal.
E. Estimated velocities, d , of 180°domains along the polarization direction
Using the etching experiments, the velocity of 180°do-mains parallel to the polarization direction was measured as a function of field. A series of virgin samples from wafer B were forward poled to approximately a quarter to a third of the electrode area at different values of field to create 180°d omain nuclei in the crystal similar to that shown in Fig.  12͑a͒ . The ϩY face of the samples was polished and etched in a 1HFϩ2HNO 3 solution at 90°C to observe the nucleated domains. Assuming a constant velocity, d , of the domains in the depth direction, the velocity was calculated by measuring the average length, L, of nucleated domains divided by the time for which the field was applied. It must be noted that this measurement is statistical in nature with averaging over about 10-15 domains in the crystal cross section for every field value. Figure 16 shows the velocity, d , as a function of field in the forward poling geometry for wafer B. It also shows an approximate exponential behavior as omains going all the way through the crystal thickness (ϳ490 m͒ during forward poling ͑a͒ in ϳt f /5 at 206.5 kV/cm ͑low field regime of wafer B͒, and ͑b͒ in Ͻt f /2 at 122.29 kV/cm ͑high field regime of wafer A͒. The switching times in the thickness direction were less than the total switching times t f at all fields studied here. 
where ln( d, f o , in cm/s͒ϭ161Ϯ52 and ␣ d, f ϭ28 000Ϯ9000 kV/cm. While the activation fields ␣ d, f and ␣ s, f are about equal, the absolute value of the sideways velocity, s, f , is about an order of magnitude smaller than the velocity, d, f , in the depth direction.
As mentioned earlier in Section V A, the ratio of length L of a nucleated domain along the polarization direction to its width, D, was measured to be L/Dϳ13.6Ϯ2.2. If this aspect ratio is to be maintained while a 180°domain grows sideways and along the polarization direction, we can expect that the ratio of velocities d / s ϳ13.6. This is consistent with the data shown in Figs. 11 and 16 .
VI. DISCUSSION
A. Activation fields for switching times
The nucleation and sideways-growth model
We shall now return to the question of why there exists a large difference in the magnitudes of activation fields ␦ f ͑or ␦ r ) in the low field and high field regimes ͑see Table II and Fig. 5͒ . There are four plausible reasons:
͑1͒ The nucleation mechanism changes from surface nucleation at low fields to bulk nucleation at high fields. ͑2͒ The velocity of sideways growth of domains shows a difference in activation fields, ␣ s, f ͑or ␣ s,r ), in low-and high-field regimes. ͑3͒ The velocity of growth of domains along the polarization direction shows a difference in activation fields, ␣ d, f ͑or ␣ d,r ), in low-and high-field regimes. ͑4͒ The nucleation rate, N, shows different activation fields, ␤, in the low-and high-field regimes.
We shall now preclude reasons ͑1͒-͑3͒ listed above. We have shown by cross-sectional etching results that the nucleation of new domains occurs throughout the thickness of the crystal and is not limited to the surface in both low-and high-field regimes. This excludes reason ͑1͒. The measurement of sideways wall velocity shows only a single activation field, ␣ s, f , in the entire field regime. This is clear from Fig. 11 even allowing for error bars in our measurements. This excludes reason ͑2͒. The activation field, ␣ d, f , for the velocity of domains in the depth direction may or may not show a discontinuity at lower fields. This is not clear from Fig. 16 , where the data are highly statistical and error bars are large. However, we can still exclude reason ͑3͒ because, as shown in Figs. 15͑a͒ and 15͑b͒ , the domains extend through the crystal thickness in less than half the time it takes them to extend across the crystal surface under the electrode area. Thus, the total switching time is limited by the sideways growth of domains in the z plane of the crystal, and not by the time to switch the domain across the crystal thickness. Hence even allowing for a possible discontinuity in the values of ␦ d, f between low-and high-field regimes will not cause a corresponding discontinuity in ␦ f . Let us now investigate the nucleation rate N of new domains in the z plane of the crystal as a function of field.
As argued before, since the total switching time of 180°d omains is limited by the sideways growth of domains in the z plane of the crystal, the switching times in LiTaO 3 can be considered as a two-dimensional problem in the z plane. In this mechanism, polarization reversal takes place by two independent processes: ͑1͒ nucleation of new 180°domains at the rate of N nuclei/cm 2 s in the z plane and ͑2͒ sideways expansion of nucleated domains with a velocity of s cm/s. It is now well known, after Miller and Weinreich, 49 that the sideways motion of 180°domain walls occurs by preferential nucleation of new 180°domains at the existing 180°domain walls, thus giving an exponential behavior of velocity with field as in Eqs. ͑4͒ and ͑5͒. With this formulation, and following the analysis of Fatuzzo 50 we can write the switching time t f for the forward poling as
where 0ϽxϽ1. The term x describes the contribution to the switching time of the sideways growth of 180°domains relative to the nucleation of new 180°domains. Similar equations can be written for switching times t r for reverse poling direction, with subscript f replaced by subscript r, and the denominator in the exponential terms replaced by EϩE int in Eq. ͑11͒.
Validity of the model
We will now test the validity of the model proposed in Eq. ͑11͒ for various switching times. Substituting for ␤ f from Eqs. ͑8͒ and ͑9͒ in Eq. ͑11͒, we get
Substituting for values of ␦ f and ␤ f from Table IV into Eqs. ͑12͒ and ͑13͒, we get xϭ0.49Ϯ0.11 for wafer A and xϭ0.61Ϯ0.30 for wafer B in the entire field regime. As mentioned before, the term x describes the contribution to the switching time of the sideways growth of existing 180°domains relative to the nucleation of new 180°do-mains. We can thus conclude that at low fields, xϳ0.5 and ␤ f ϳ0, and hence the switching time is dominated by the sideways growth of initially nucleated domains and from Eq. ͑8͒, the activation field, ␦ f ϳ␣ s, f /2. In the high field regime, the value of xϳ0.5 and ␤ f ϳ35 000 kV/cm, and hence the sideways growth of existing domains and the nucleation of new domains play approximately equal parts in determining the switching time.
B. The role of defects in nucleation
A simple estimate of the domain reversal field in a ferroelectric would be Eϳ P s /(⑀⑀ 0 ), where P s is the spontaneous polarization ͑50 C/cm 2 ), ⑀ ͑ϭ45͒ is the relative dielectric constant, and ⑀ o is the free space permittivity; this gives Eϳ12 600 kV/cm, which is of the order of the observed activation fields ␦ f . The actual domain reversal fields ͑see
Figs. 3 and 4͒ are two orders of magnitude smaller than this estimate. This suggests that the nucleation of 180°domains in LiTaO 3 is dominated by defects in the crystal which reduce the overall field required for domain reversal.
The initial nucleation of domains in LiTaO 3 crystal occurs near line shaped defects that appear to criss-cross growing domains. Etching of crystal in 1HFϩ2HNO 3 at 90°C reveals faint lines in the z plane of the crystals. Figure 17͑a͒ shows such line features inside growing domains in a forward poling geometry. Similar features are also found in the growing domains observed in cross section ͑ϩY face͒. Careful observation reveals that these features are regions where domain reversal has not taken place in the initial stages, while domains nucleate in the regions around these features. In the forward poling geometry, domain reversal takes place last in these regions. At lower fields, some remnants of these line features remain after the end of the transient current in the form of microdomains. However, these features can be completely eliminated by applying a high electric field of ϳ245 kV/cm in forward poling for about 5-10 min. This was confirmed by etching experiments. However, in the reverse poling geometry, domain reversal occurs first in these regions as shown in Fig. 17͑b͒ ͓not the same area as Fig.  17͑a͔͒ .
One plausible explanation is that these line shaped features are local regions where the internal field is slightly higher than its surroundings. Since the internal field is related to OH Ϫ and/or nonstoichiometric point defects in the crystal, 39 these regions would then correspond to local variations in the defect concentration in the crystal. Since the domain reversal field E f ϭE c ϩE int for forward poling and E f ϭE c ϪE int for reverse poling, the domain reversal would be expected to occur last at these line features in forward poling, and first in reverse poling, as is the observed case shown in Figs. 17͑a͒ and 17͑b͒ respectively. The other possibility is that these defects are related to dislocations or low angle grain boundaries in the crystal. The strain field associated with these defects can then give rise to local electric field gradients through the piezoelectric phenomenon, resulting in preferential nucleation of new domains around these defects. 44 Etching studies in the literature on LiNbO 3 and LiTaO 3 crystals have reported the following types of defects:
͑a͒ dislocations propagating at an angle to the c axis with a projection in the c plane along ͓1010͔ and ͓1120͔ directions 51 with an area density of ϳ10 3 -10 5 /cm 2 ; ͑b͒ screw dislocations parallel to the c axis ͓0001͔ with an area density of ϳ10 6 /cm 2 ; 46 ͑c͒ 180°microdomains with an area density of 10 2 -10 5 /cm 2 . 45, 52 ͑d͒ Possible compositional/point defect variations giving rise to differential etching rates on the c surface. 53 The difference in activation energies, ␤, for nucleation ͓see Eqs. ͑10͒ and ͑11͔͒ at low and high fields suggests that the nucleation of new 180°domains probably occurs at two distinct types of sites. One would expect the density of preexisting microdomains in the crystals to be independent of the external field applied for reversal. In LiTaO 3 , it has been reported that cylindrical 180°domains nucleate at the intersection of screw dislocations along ͓0001͔ with the z surface. This process could be expected to be field independent. Thus, below a certain threshold field ͑low-field regime͒, the nucleation is probably dominated by one type of nucleation site, and, above the threshold field, the other type of nucleation site also becomes active.
C. Stabilization mechanism of domains
Let us consider the following experimental facts. There exists a stabilization time of ϳ1.5-2 s for the 180°domains ͑in state II, We have also shown a strong correlation in Section III B between this stabilization phenomenon and the internal field, E int , as given by the offset of the polarization hysteresis loop in Fig. 1 . However, the time constant for the realignment of internal fields in a domain reversed state is of the order of months, while the mechanism responsible for stabilization of domains in the domain reversed state is of the order of 1.5-2 s. This suggests that in fact the phenomenon of internal field realignment may have more than one time constant.
We can construct the following plausible physical picture. In the virgin state of a congruent LiTaO 3 crystal, point defect complexes ͑consisting of OH Ϫ and nonstoichiometric point defects 39 ͒ with their own dipole moment are aligned parallel to the spontaneous polarization, P s , in their lowest energy state. In this state, they can be imagined to give rise to an effective internal field, E int,total , parallel to the spontaneous polarization of the crystal and contribute to the stabilization of P s . When the polarization P s is reversed at room temperature by an external field, these point defects now become antiparallel to the new polarization direction, ؊P s , and hence become unstable. They in turn realign slowly parallel to the new polarization direction. This realignment has two time constants. Drawing analogy from similar internal field studies of doped BaTiO 3 ceramics, 17, 54 we can hypothesize that the time dependence of the total internal field is FIG. 17 . Light micrographs of the Z face of Z-cut LiTaO 3 crystals after etching in HFϩHNO 3 ͑1:2͒ at 90°C for 10 min: ͑a͒ line shaped features observed inside growing 180°domains in forward poling where domain reversal occurs last inside these lines; ͑b͒ In reverse poling, initial nucleation of domains occurs first along these line features. Micrographs ͑a͒ and ͑b͒ correspond to two different pieces from the same wafer B.
Thus at tϭ0 in the domain reversed state ͑state II͒, the internal field E int,total ϭE int,slow ϩE int, f ast . At time tϳ4 f ast , the field component E int, f ast changes to ϳϪ0.95E int, f ast . At time tϳ4 slow , the field component E int,slow changes to -0.95E int,slow . The component E int,slow of the internal field would correspond to what we have referred to in the text as E int and is given by the offset of the polarization hysteresis in Fig. 1 . It is ϳ50 kV/cm and has a time constant 4 slow of the order of months at room temperature and less than 30 s at temperatures above 200°C. The component E f ast of the internal field realigns with a time constant 4 f ast of ϳ1.5-2 s at room temperature. The magnitude of E f ast cannot be determined from the hysteresis loop of Fig. 1 because the cycling time for recording the loop was of the order of 2-5 min which is much larger than the time constant f ast .
The fast component is responsible for stabilization of newly created domains by forward poling, while the slow time constant ͑of months͒ reported earlier gives rise to the large asymmetry in forward (E f ) and reverse (E r ) poling fields at room temperature. It would then appear that the fast component responsible for stabilization requires the electric field to be ''on'' for 1.5-2 s after the creation of new 180°d omains for the stabilization to take place in forward poling. However, the slow component of the internal field, E int , exists even without the external field, and realigns parallel to the polarization direction in a domain reversed state with time and temperature.
We note that the exponential behavior of the realignment of the internal field as described by Eq. ͑14͒ is presently only a postulate and still requires confirmation by experiments. It also assumes that the fast component of the internal field is also an electrical dipole in nature. An alternative possibility for the origin of the fast component of the internal field may be the presence of an elastic dipole component 55 to the point defect complexes. This would involve a distortion of the lattice around the point defects in such a way as to stabilize the domains surrounding the defect. This suggestion raises a further possible connection between the slow current tails discussed in Section II D and the fast component of the stabilization mechanism requiring 1-2 s in a virgin crystal. The fact that the time constants for the current tail reach a relatively constant value of a few seconds ͑see Fig. 6͒ at high fields is similar to a constant stabilization time of ϳ1.5-2 s even at high fields. However, the asymmetry in the stabilization times between forward and reverse poling is not reflected in the differences in the time constants t o,tail in the forward and reverse poling cases ͑see Fig. 6͒ , as would be expected if this correlation were true.
We finally consider other possible domain stabilization mechanisms. Brytov et al. 56 found that the work function for LiNbO 3 surfaces (ϳ3.4-3.6 eV͒ had no significant dependence on the orientation of P s , and hence there was no band bending at the surfaces of the LiNbO 3 ferroelectric, contrary to what is expected for the mechanism of bulk screening of polarization charges. They hence concluded that, at room temperature, the screening of the spontaneous polarization charges of a 180°domain in LiNbO 3 cannot be described by the movement of electrons and holes from the bulk of the crystal to the surfaces. It follows from this argument that all the screening charges reside at the interface of the electrodeferroelectric surface, charging the high density of surface states (ϳ10 14 cm Ϫ2 ). Another possibility is the presence of a disturbed surface layer on the ferroelectric. The presence of a surface layer in BaTiO 3 and a corresponding band-bending has been reported. 14 There is presently no evidence for such a layer in LiNbO 3 or LiTaO 3 crystals. On the other hand, volume stabilization of ferroelectric polarization by bulkordering of point defect complexes has been shown to be the dominant mechanism in doped BaTiO 3 ͑e.g., with Mg͒. 17 The presently available experimental evidence points to the latter mechanism in the case of congruent LiNbO 3 and LiTaO 3 crystals. However, in order to make conclusive statements about the possible presence of any surface layer in LiNbO 3 or LiTaO 3 , and its role in 180°domain stabilization, further experiments are required. Two such experiments are: ͑a͒ the study of sideways wall velocity, s , of 180°domains as a function of time at a fixed field to determine if the activation field, ␣ s , is also a function of time; 17 ͑b͒ to study the activation fields ␤ and ␣ s as a function of crystal thickness.
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VII. CONCLUSIONS
A systematic study of the switching times, domain wall velocities, and stabilization mechanisms of 180°domains in Z-cut LiTaO 3 crystal has been presented. The following conclusions can be made:
͑1͒ The switching time t f for the first polarization reversal ͑or forward poling͒ of a virgin crystal and the time, t r , for the second reversal back to its original polarization state ͑or reverse poling͒ both show an exponential behavior with external field, E, as t f(r) ϭt f o(ro) exp͕␦ f(r) /(EϮE int )͖, where the ϩ sign in the denominator is for reverse poling, the Ϫ sign is for forward poling, and the term E int is a measured built-in internal field of 42-46 kV/cm parallel to the polarization of the virgin crystal. Two distinct field regimes have been identified: the high-field value where ␦ f ϳ30 000 kV/cm for and the low field regime where ␦ f ϳ15 000 kV/ cm. ͑2͒ The sideways wall velocity, s , of 180°domains also follows an exponential behavior as s ϭ so exp ͕Ϫ␣ s /(EϮE int )͖ with ␣ s ϳ25 000 kV/cm in the entire voltage range. The wall velocity, d , in the depth direction ͑parallel to the polarization direction͒ also shows an exponential behavior with d ϭ do exp͕Ϫ␣ d /(EϮE int )͖ with ␣ d ϳ28 000 kV/cm. The absolute values of d are an order of magnitude larger than s .
͑3͒ The nucleation rate N f ͑#nuclei/area s͒ of 180°do-mains in the z plane of LiTaO 3 also behaves as N f ϭN f o exp͕Ϫ␤ f /(EϪE int )͖ where ␤ f ϳ0 at low fields and ␤ f ϳ35 000 kV/cm at high fields. We propose a model which predicts that ␦ f ϭx␣ s, f ϩ(1Ϫx)␤ f , where xϳ0.5 for LiTaO 3 .
͑4͒ Etching experiments reveal the nucleation of domains to be in the entire bulk of the crystal at all fields with dagger shaped nuclei always pointing opposite to the polarization direction of the nuclei. The aspect ratio of the length L of the nuclei parallel to the polarization direction to the width D, perpendicular to the polarization direction is always found to be L/Dϭ f ront /(2 side )ϳ13.6Ϯ2.2. The terms f ront and side are the surface energies of 180°domain walls perpendicular to and parallel to the polarization direction, respectively.
͑5͒ For newly created 180°domains, a stabilization time of 1.5-2 s in forward poling and ϳ0.1-0.3 s in reverse poling is required at room temperature before the external field is removed, to avoid reversible domain wall motion. We show that a strong correlation exists between internal fields and the domain stabilization mechanism at room temperature.
